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Introduction
Chromium(III) complexes are regularly incorporated into nutritional supplements.
However, there is conflicting evidence supporting their nutritional value and in fact questions
have been raised about their potential toxicity [1] [2] [3] . Consequently there has been some interest in determining the fate of Cr(III) in physiological environments [2, 3] . One of the common chromium containing components of nutritional supplements is chromium(III) chloride (CrCl 3 .6H 2 O), which actually exists as the dichlorotetraaquachromium complex, trans-[Cr(H 2 O) 4 Cl 2 ]Cl.2H 2 O [4] . Although chromium(III) may be of little nutritional benefit to most people, there is evidence to suggest Cr(III) supplements may be beneficial in improving glucose metabolism, maintaining blood sugar and cholesterol levels, weight loss and building muscles in subjects with type II diabetes [1, 5, 6] . Glinsmann and Mertz reported [7] that oral supplementation with amounts of chromium(III) chloride ranging from 150 to 1000 μg per day for periods of 15 to 120 days led to improved glucose tolerance in type II diabetics. Chromium chloride has been claimed to pharmacologically influence blood sugar levels in type II diabetics when used at dosages less than the commonly accepted minimum nutritional level of 200 μg/day [7] [8] [9] . This claim is largely based on the results of clinical trials and animal studies [10] [11] [12] [13] [14] [15] .
Anderson et al. [5, 16] found that a three month course of supplemental chromium(III) chloride at a dose of 50 to 200 μg/day significantly improved glucose tolerance and blood sugar levels in diabetics. Similar results were found with a dose of 125 μg/day of yeast-based chromium(III) [17] . There are also reports suggesting that chromium chloride has potential as an anti-depressant and alternatively to reduce lipid deposits [10, 11] . The aquation of [Cr(H 2 O) 4 Cl 2 ] + , is likely to play an important role in determining the speciation of Cr(III) complexes, prior to binding to biomolecules.
Chromium(III) complexes are generally considered to be kinetically inert which might explain the relatively low absorption (~2−5%) of orally administered chromium(III)
supplements. Nevertheless, a deep green solution of [Cr(H 2 O) 4 Cl 2 ] + ion will gradually turn to pale green [Cr(H 2 O) 5 Cl] 2+ and then subsequently to violet [Cr(H 2 O) 6 ] 3+ due to the step-wise replacement of chloride by water [4, [18] [19] [20] [21] [22] [23] [24] . Therefore there may be significant speciation of chromium(III) in a physiological environment and it is not clear which of these species may have an impact on physiological processes in the body. For example, it has been suggested that chromium may form polymeric species with biomolecules such as lipids, nucleic acids and proteins [2, 3, 25, 26] . Understanding the stability and reactivity of dichlorotetraaqua chromium(III) and other dihalotetraaquachromium(III) complexes will provide a basis for exploring the biochemical pathways of chromium supplements.
Substitution and aquation reaction mechanisms of metal complexes can be classified according to whether they are associative (A), interchange (I or I a or I d ) or dissociative (D) [27, 28] . The substitution reactions at an octahedral metal center could be expected to show S N 1 (unimolecular) kinetics if the mechanism is dissociative or S N 2 (bimolecular) kinetics if the mechanism is associative or interchange [29, 30] 
Computational Methods
Standard density functional and hybrid density functional theory calculations were carried out with Gaussian09 [49] . The geometries of all reactants, transition states, intermediates, and products in this study were fully optimized in the gas phase and solvent (water) at the PBE0/cc-pVDZ level of theory, which we have previously shown to give excellent agreement with experiment for the activation enthalpies of related species [47] . The small-core relativistic pseudopotential and correlation consistent basis set (cc-pVDZ-PP) of Peterson and co-workers was used for iodine throughout these calculations [50] .
The effect of solvent (water) on the structures and energetics of each pathway was investigated using the polarisable continuum model (PCM). Vibrational frequencies were obtained for all optimized structures to check for the absence of imaginary frequencies for reactants, intermediates and products and for the presence of a single imaginary frequency for each transition state. For all the reaction pathways discussed in this study, the transition states were also analyzed using the intrinsic reaction coordinate (IRC) method. The final structures 
Similarly, the reaction volume (∆V) can be estimated from the change in Cr−L bond lengths from product to the reactant species (eqn 2). 
Results and discussion
Several different aquation pathways of trans-dihalotetraaquachromium(III) complexes, 
Structures of trans-[Cr(H 2 O) 4 TX] + complexes
The only experimental structural data available for the dihaloaquachromium(III) complexes considered in this work is an EXAFS study by Díaz-Moreno et al. [51] for trans- 
Associative interchange (I a ) mechanism
The structures of reactants, transition states and products involved in the I a mechanism for The reaction is initiated by outer sphere coordination of a water molecule to the Cr(III) complex as shown in Scheme 2. In this reaction, the incoming H 2 O forms a linear hydrogen bond to an inner sphere water molecule and has a weak interaction with the halide X, to give the stabilized precursor or reactant complex (R). The stability of the associated reactant complexes (R), relative to the isolated complex and water molecule, are shown by the depths of the first potential energy wells in Fig. 1 . IRC calculations confirm the linear H-bonded structures (Fig. 2a) as the precursor complexes for the I a pathway. However, we also identified the bridging bifurcated arrangement (Fig. 2b ) and found that this structure is lower in energy than the linear structure by 7 -12 kJ mol 1 for T = Cl and X = Cl, Br and I. Table 1 . Also included are values for T = H 2 O from our previous study [47] . [52] analysis was performed and the calculated charges were computed and are given in Table ST1 in ESI †. The changes in geometry are accompanied by changes in the charges on several key atoms in the complex. The positive charge on Cr is greater in the TS than in the reactant complex. In comparison the magnitude of the negative charge on T decreases on formation of the TS. The largest decrease is observed for T = I and X = Cl, Br, reflecting significant charge transfer from the trans-ligand to stabilise the TS (Fig. 3 and Table ST1 of ESI †). The oxygen atom of the incoming water molecule exhibits relatively little change in charge across the various systems as shown in the selected maps of electrostatic potential for the I a systems (Fig. 3) . Of the various leaving groups, iodide develops the smallest absolute charge in the TS. Consequently, the more polarizable I -leads to less charge-charge repulsion between the halide and the incoming water, compared to the other halides. However, these iodide systems also show the largest increase in charge on X, relative to the reactant complex. This corresponds with these being later TSs, due to the polarisability of the iodide. We have determined that H-bonding is also important in stabilising the TSs for these processes and in each system the departing halide interacts with the three closest water molecules, which includes the incoming water molecule and two inner-sphere water molecules on the departing face of the complex (Scheme 2). This is evident by the shorter X…H-OH distances in the TSs that range from 2.129 Å in the di-chloride through to 2.758 Å in the diiodide. In comparison, there are only marginal differences in the outer sphere coordination in the successor complexes (P) (~0.01 Å).
The ΔH ‡ values reveal the leaving group ability follows the expected order, I -> Br -> Cl -. In general, bond breaking of the leaving groups makes a significant contribution to ΔH ‡ .
Although this might also be attributed to changes in steric effects and decrease in HOMOLUMO gap (Table ST2 of ESI †), it was found that interaction between X -and Cr(III) was weaker for the iodide system alone, which correlates with the lower ΔH ‡ . Changes in (∆∑ d(Cr−L) TS-R ) ( Table 2) The results show that the complexes with a hard ion (X or T = Cl) have a large HOMO-LUMO gap (Table ST2 in ESI† ). On the other hand, complexes with a soft ion (X or T = I) have a small HOMO-LUMO gap due to the greater polarizability (Fig. 4) of the valence electrons of the I ion. This facilitates distortion of the electron cloud of the halide that stabilizes the TS. Both a σ-trans effect (destabilization of reactant) and a π-acid influence (back-donation to stabilizes the TS) play an important role and account for the shorter Cr-T bond. Figure 4 shows HOMO-LUMO energy gaps for reactants, TSs and products along the I a pathways. The isodensity surface of these orbitals for TS, R and P structures ( . In fact, these data suggest that the large HOMO-LUMO gap for the T = Cl and X = Cl, compared to the other systems is due to the strong hard acid (Cr(III)) − hard base (Cl − ion) interaction (Fig. 4a) . Similarly, Fig. 5a shows the overall activation enthalpy versus the HOMO-LUMO gaps of TSs of the Cr(III) species for the I a , mechanism. For any given trans group T, there is a good correlation between ΔH ‡ and E gap . On that basis, the decrease in ΔH ‡ corresponds with the electronegativity of the leaving group influencing the electron density at the Cr(III) metal centre and the leaving group ability follows the order I −  Br −  Cl − (Table ST2 in the ESI † ). 
Dissociative (D) mechanism
Aquation via the dissociative mechanism is a two-step reaction. The ΔH ‡ values for the Cr-X dissociation gradually decrease from X= Cl − , Br − and I − systems and for T = Cl through T = I. The [Cr(H 2 O) 5 Cl] 2+ complex barrier is significantly higher (Table 3 ) than the other systems [47] . The leaving group ability follows the order I −  Br −  Cl − and the trans-effect follows the order
As noted in the Introduction, we have previously found that coordination of a water molecule to the outer sphere of the complex had a significant effect on lowering ΔH ‡ for the dissociation step. In these systems, the dissociative pathway begins from precursor complexes with bifurcated H-bonding to an outer sphere water molecule. In the first step, chromium-halide bond breaking The ΔH ‡ and ΔS ‡ for each of the steps of the D pathway for the associated complex are given in Table 4 and the relative energy profiles for the individual reactions are shown in Fig. 6 . The enthalpies of activation for dissociation of the Cr-X bond decrease from 97 kJ mol (Table 3) , are in excellent agreement with the experimental [34] values (96 ± 1 kJ mol 1 and -7 ± 4 J mol 1 , respectively). with change of X from Cl to I (Fig. 3) . However, the charge on X does not very systematically across the systems. For example, when T = Cl, the charge on X increases for X = Cl to X = I.
However, for the corresponding T = Br and T = I systems, there is a decrease in the charge on X.
For any given leaving group X, there is generally a decrease of ~ 18 kJ mol 
Discussion
In this study, we have carried out a detailed investigation of the I a and D mechanisms for A key feature of the D mechanism is that the complex becomes associatively activated through outer sphere coordination that lowers the activation enthalpy for dissociation of the Cr-X bond due to H-bonding. Previously, the substitution reaction of [Co(NH 3 ) 5 (H 2 O)] 3+ …X − was designated "accidental bimolecular" to indicate that the substitution process is a rearrangement between inner and outer coordination spheres [54] , which in consistent with our observations for the D mechanism in this study. Trends in ΔH ‡ for the D mechanism, can be accounted for by the trans group influence, stabilization of the electron-deficient TSs structures and leaving group (X) ability. The frontier MO energies (HOMO-LUMO gap) show that complexes with the soft ion ligands (X or T = I) have a small HOMO-LUMO gap due to greater polarizability and electron density.
Chloride is a harder base than bromide and iodide and therefore forms a stronger bond with the hard acid Cr(III). Therefore, the chloride is a poorer leaving group than the bromide or the iodide, which explains the higher ΔH ‡ . The decrease in ΔH ‡ for the other halides corresponds with the softer nucleophilicities and decrease in electronegativity of these ions (X = I), so that the leaving group ability follows the order I −  Br −  Cl − . In general, the valence electrons of the I − ion are more loosely bound, so the iodide is more polarizable than chloride (X or T = Cl). The greater polarizability leads to a distortion of the electron cloud of the halide that stabilizes the transition state. This is consistent with the analysis of the transition structures for aquation via I a , which reveals the Cr…O distances for the incoming water molecule is almost constant across the series but the Cr…X distances vary from chloride through to iodide.
The enthalpies of activation of the aquation reactions also depend on the nature of the trans group. The greater polarizability of the trans iodide also leads to a distortion of the electron cloud of the halide that stabilizes the transition state. Furthermore, electronegativity influences the electron density at the Cr(III) center, which effects the activation barrier and bond formation with the entering water molecule. In these octahedral complexes the labilizing strength of the trans ligand follows the expected order: I −  Br −  Cl − > H 2 O. Additionally, the iodide forms ionpairs with a more favourable ΔH ‡ than the chloride ion.
Our identification of the activated D mechanism for aquation of chromium(III) chloride has some interesting implications for the speciation of chromium(III) in physiological environments. Activation via outer-sphere coordination is expected in all aqueous environments including the stomach and gut. Furthermore, in addition to water a range of biological molecules could potentially act as nucleophile and replace chloride after dissociation. Nevertheless, the activation enthalpy for the di-chloride system is 72 kJ mol -1 , so this will be a relatively slow process under physiological conditions and the amount of aquated or substituted product could be low. In comparison, the activation enthalpy for the corresponding di-iodide system is only 50 kJ mol -1 and therefore it will undergo aquation or substitution much faster. The activation enthalpies for aquation of the mono-halide product complexes are higher than for the dihalides due to the poor trans-directing effect of water. Therefore, formation of the hexaaquachromium(III) complex will be slow regardless of the starting complex. 
